Whereas precipitation itself has low predictive skill beyond one season (Collins 2002; Alessandri et al. 2011) , the soil moisture content is generally predictable for several seasons ahead due to the high persistence associated with the weak damping effect of soil hydrological processes (Delworth and Manabe 1988; Wu et al. 2002; Arora and Boer 2006) . Seasonal predictions of soil moisture content over the US, in turn, have been shown to improve predictability of precipitation and temperature variations (Wang and Kumar 1998; Kanamitsu et al. 2003) . The enhanced predictability originates from the fact that soils can integrate precipitation and evaporation noise (Delworth and Manabe 1988; Wu et al. 2002; Arora and Boer 2006) . As a result of soil and atmosphere feedbacks (Beljaars et al. 1996; Seneviratne et al. 2010) , seasonal predictions of soil moisture content over the US can further increase the predictability of precipitation and atmospheric temperature variations for up to several months (Zeng et al. 1999; Kanamitsu et al. 2003; Koster and Suarez 2003; Yang et al. 2004; Dirmeyer et al. 2013) .
Although anthropogenic climate change over the next century is likely to reduce soil moisture content in large areas of the southern continental US (Shin and Sardeshmukh 2011; Dai 2013) , the real climate trajectory in the coming decades will be influenced by a combination of external radiative boundary conditions and internally occurring climate variability (Smith et al. 2007 ; Keenlyside et al. 2008; Mochizuki et al. 2010; van Oldenborgh et al. 2012; Chikamoto et al. 2013; Meehl et al. 2013) . Therefore, decadal hydrological prediction requires an understanding of both the externally forced component and the prediction skill of internally generated decadal hydroclimate variability. However, the predictive skill of real climate predictions is contaminated by model deficiencies and observational uncertainties (Meehl et al. 2014) . Model experiments should be the most appropriate way to estimate the predictive skill of internal variability in the absence of these realworld effects.
Our study addresses the basic research question of whether the soil water condition and wildfire occurrence are predictable on timescales beyond several years. Using a perfect modeling framework, we set out to determine the upper limits of predictability for precipitation, soil moisture and forest fire risk in the US. This paper is organized in two parts. The first part of the paper (Sects. 2, 3) introduces the numerical model experiments conducted with the NCAR Community Earth System Model (CESM) version 1.0.3 and a simple concept of soil water storage based on a stochastic process. The main concept is that soils are long-term integrators of the net water balance composed of precipitation, evaporanspiration, and runoff. This integration of white noise variability (Hasselmann 1976) leads to enhanced soil water variability at lower frequencies and potential longer-term predictability (Delworth and Manabe 1988) . Applying the framework of Delworth and Manabe (1988) to the more complex CESM system, we compare simple red noise null hypothesis models for soil moisture variations at various depth levels with an ensemble of perfect model forecasts conducted with the CESM. The second part of our study (Sect. 4) focuses on the effects of soil moisture variations on North American vegetation and wildfire occurrences. The CESM ensemble predictions are then used to determine potential multi-year skill of simulated variations in North American wildfire frequency and terrestrial carbon stocks. We discuss the limitations of our idealized modeling framework in Sect. 5, and conclude this study in Sect. 6.
Model experiment

Model set up and prediction experiments
In this study, we use the fully coupled low resolution earth system model CESM 1.0.3 (Shields et al. 2012) . The model physics is largely based on the Community Climate System Model version 4 (Gent et al. 2011) , which includes atmospheric physics of the Community Atmosphere Model version 4 (CAM4) (Neale et al. 2013) . The atmospheric and land resolutions are T31 spectral (approximately 3.75° resolution) with hybrid sigma pressure coordinate of 26 atmospheric levels from sea level to 1 hPa and 15 soil levels from surface to the bottom layer of 35 m. The 60 level ocean model is coupled with the sea-ice component and uses a horizontal resolution of approximately 3° with a displaced North Pole. The atmosphere, land, and sea ice components communicate every 30 min whereas the ocean component is coupled with atmosphere once a day. From these components, we can obtain monthly outputs. The land component is the Community Land Model version 4 (CLM4), which includes a carbon-nitrogen biogeochemical cycle, a simple groundwater model, and a wildfire scheme (Lawrence et al. 2012) . Total water storage in CLM4 is represented by soil moisture content in 2.9 m total depth with 10 soil layers and aquifer water with changing water table depth. Soil moisture in the bottom layer interacts with aquifer water below through a diffusion process. These schemes improve the representation of observed land hydrological processes such as runoff, evapotranspiration, and soil water storage (Niu and Yang 2007; Oleson et al. 2008) . In the fire scheme of CLM4, wildfire occurrence in each grid box is parameterized in terms of fuel density obtained from the vegetation carbon, hydrological conditions, and temperature (Thonicke et al. 2001; Kloster et al. 2010) . Details of the model basic performance in the low resolution version can be found in Shields et al. (2012) .
Following a 100-year coupled model spin-up, we perform a 900-year-long pre-industrial control simulation (CTL run) using constant greenhouse gas conditions for the year 1850 CE. This long simulation enables us to identify the leading patterns of decadal-to-multidecadal hydroclimate variability over North America. We use this CTL run as a surrogate "real" world and then evaluate the predictability by hindcasting this model simulated climate variability. This approach allows us to neglect observational errors and model biases, and is therefore referred to as the perfect modeling framework. Using a total of 39 initial conditions chosen every five years on January 1st, we conduct 10-year-long ensemble hindcast experiments. This hindcast setting roughly follows the experimental design of the Coupled Model Intercomparison Project-5 (CMIP5) for decadal climate prediction (Taylor et al. 2009; Murphy et al. 2010) . For the ensemble generation, we add small random perturbations into atmospheric prognostic variables but keep the same initial conditions of ocean and land in the CTL run. The ensemble of atmospheric initial conditions is generated by rescaling the difference between current Y i and previous Y i−n initial conditions in the pre-industrial control simulation with a factor of ±1 % (i.e.,
where Y i and Y ′ i are the control and perturbed initial conditions, α = ±0.01 and n = 1, 2, 3, 4, and 5 years). This approach allows us to estimate the maximum predictability of the decadal anomalies assuming perfect knowledge of the initial state of the ocean and land.
Model validation
The large-scale distributions of climatological precipitation simulated by the CTL run of the low resolution CESM 1.0.3 are in good agreement with observations over North America. Figure 1 shows the climatology and standard deviation for annual mean precipitation in the CTL run and observations. We use the 1° observational precipitation datasets from Global Precipitation Climatology Centre (GPCC) version 6 for the 1901-2013 period (Schneider et al. 2011) and Precipitation Reconstruction over Land (PREC/L) for the 1948-2013 period . Compared to the observations, the simulated annual mean precipitation is reduced in the coastal area surrounding the Gulf of Mexico, the east coast of the US, and the west coast in the higher latitude region of North America (> 40 • N) and enhanced in the Rocky Mountain area (Fig. 1a-c) . Due to the fact that rainfall is approximately gamma-distributed, annual mean biases also correspond to biases in the standard deviations of annual mean precipitation ( Fig. 1d-f ).
Irrespective to these smaller-scale biases, the observed large-scale climatological rainfall distribution is reasonably well captured by the CTL run. In addition to the realistic simulation of climatological precipitation, the CTL run shows reasonable performance for the remote impact of the El Niño Southern Oscillation (ENSO) on precipitation variability in North America. Figure 2 shows simultaneous correlation maps of simulated seasonal and annual mean precipitation with the Niño 3.4 index. For comparison with the observations, we use the NOAA Extended Reconstructed SST version 3 (ERSST) dataset for the 1850-2012 period (Smith et al. 2008) . During boreal winter, both the model and observation show the meridional seesaw of precipitation anomalies straddling 40 • N associated with the mature phase of El Niño (top panels in Fig. 2) . In other words, the CTL run can represent the ENSO teleconnection very well as pointed out by other studies using the low resolution CESM (Jochum et al. 2009; Stevenson et al. 2012 Stevenson et al. , 2014 . During boreal summer, on the other hand, the center of positive correlation is weaker and shifts northward, thus counteracting the effect of negative winter precipitation anomalies in some areas. This seasonality of ENSO teleconnections is consistent with the model experiments by Wang et al. (2013) . As as result of the seasonal cancellation of ENSO-induced rainfall anomalies, the annual mean correlation tends to be weaker than the winter values (bottom panels in Fig. 2 ).
Comparing the simulated upper soil water response to ENSO over North America with the observed one taken from the monthly self-calibrated Palmer Drought Severity Index (PDSI) for the 1850-2012 period (Dai 2011 (Dai , 2013 , we find a good qualitative agreement (Fig. 3a, b) . On the other hand, the agreement between ENSO's effect on total soil water in the CTL simulation and the respective diagnostic in the monthly soil water data from the Climate Prediction Center (CPC) for the 1948 period (van den Dool et al. 2003 ) is considerably weaker compared to those on precipitation and upper soil water. Only the Pacific Northwest, Florida, and Texas show consistent response to ENSO in both model and reanalysis data with local correlations attaining values of only 0.2-0.4. The relatively weak relationship between deep soil water content and ENSO has also been reported in previous studies Kumar 2002, 2004) . This implies that other modes of climate variability, rather than ENSO, are essential in driving the bulk of soil water variability of North America.
Overall, we find that the CTL simulation in the low resolution CESM captures the larger-scale patterns of seasonal rainfall and its variability associated with ENSO reasonably well. This suggests that the main conclusions from our study on the long-term predictability of hydrological processes are likely to hold for the higher resolution models and the real world. Fig. 3 Same as the bottom panels in Fig. 2 Although the total amount of water storage is largely determined by the water amount in aquifers, temporal variability of total water storage highly correlates with the total water content variability integrated in the whole soil layers without aquifer water because of the interaction between water in the bottom soil layer and the aquifer. Figure 4 shows the first EOF modes of annual mean precipitation ( Fig. 4a ) and total water storage ( Fig. 4g ). They have similar spatial patterns and display a meridional seesaw with a zerocrossing near 35°N. The pattern is closely related to fluctuations in the westerly jet downstream over North America (upper panels in Fig. 5 ), as described below. In contrast to the spatial similarity, the temporal variations of these first principal components have very different timescales: annual precipitation variability exhibits uniform variability at all timescales characterized by a white power spectrum ( Fig. 4b, c) , whereas the spectrum of total water storage exhibits more pronounced variability on decadal to centennial timescales (Fig. 4h, i) . The difference in the precipitation and soil water spectra suggests that soils and aquifers integrate the water fluxes associated with random atmospheric variability (Amenu et al. 2005; Katul et al. 2007 ). In CESM, temporal variations of total water storage W T balance source and sink terms associated with precipitation P, snowmelt S, evapotranspiration E, and total runoff R:
Following Delworth and Manabe (1988) and Eq. (1), we can create a simplified conceptual model for temporal variations of total water storage for the CESM, which follows stochastic bucket model dynamics. This model is a specific application of the stochastic climate model concept of Hasselmann (1976) . For Eq. (1) we assume that the evapotranspiration E and the total runoff R are linearly proportional to the total water storage. This leads to an equation with a linear damping in W T , reading
where ǫ represents a constant value of potential evaporation, according to Delworth and Manabe (1988) , α represents another scaling factor associated with the field type which we consider constant in time, and f is a constant value related to the total runoff. Next we assume that S can be neglected by taking annual mean and P can be approximated as a white noise process. According to these simplifying assumptions, variations of total water storage can be expressed in terms of a first-order Markov process (or autoregressive process) forced by the white noise precipitation variability:
where represents the net damping parameter, which also determines predictability associated with the damped persistence. This equation is equivalent to the following finitedifference form:
When we assume that P * (t) is the white noise forcing, we can obtain the parameter (1 − ) from the lag-1 autocorrelation coefficient of W T (t). Note that we use annual mean data in our analysis, so the shortest resolvable period in our spectra is 2 years. Resulting red noise power spectra for soil processes were previously described in Delworth and Manabe (1988) and Katul et al. (2007) . We apply this simplified conceptual model to the principal components of precipitation and total water storage (Fig. 4) . Choosing the first principal component for annual precipitation as the forcing P * (t) and using the lag-1 year autocorrelation coefficient of the principal component of total water storage as (1 − ), we find a high correlation between the reconstructed W T (t) variability from Eq. (3) (solid line in Fig. 4h ) and the first principal component of total water storage (red and blue bars in Fig. 4h ) of 0.76 (significant above the 99 % level). Although precipitation shows white noise variability, the integration of its variability, in particular its low frequency spectral component, plays a key role in generating decadal-to-multidecadal changes in total water storage across North America.
To further test the relationship between total water storage and low frequency precipitation variability, we apply a 10-year running mean filter to the simulated precipitation over land and perform an EOF analysis of the outcome. The resulting first EOF mode (middle panels in Fig. 4) shows the same meridional seesaw pattern as the leading EOFs of unfiltered annual mean precipitation and water storage. The corresponding 1st principal component is highly correlated with the principal component of total water storage (correlation coefficient is 0.70 at a 5 year lag). This finding is consistent with the idea that soils provide a natural lowpass filter (integrator) for precipitation variability, yielding the low frequency signals in total water storage. Figure 5 shows correlation maps of zonal wind variability in the upper and lower level troposphere associated with the first EOF modes in Fig. 4 . We find that the precipitation variability over North America is closely related to a narrowing of the midlatitude jet. High precipitation conditions in northwestern US and drought conditions in the southwestern US are associated with increased 200 and 850 hPa winds along the west coast of the US and weaker winds straddling both sides of the wind anomaly maximum. Owing to the similarity of the principal components of the different variables in Fig. 4 , this narrowing of westerly jet downstream plays an important role in generating hydroclimate variability on all timescales over North America. These results support the notion that the leading pattern of total water storage in North America is determined to first order by the downstream jet flow activity (Seager et al. 2010) .
Many observational studies have documented the relation between decadal to multi-decadal-scale droughts in the
(g) (h) (i) Fig. 4 First EOF modes for precipitation (top panels a-c), 10-year running mean precipitation (middle panels d-f), and total water storage (bottom panels g-i). Left, center, and right panels indicate correlation (color) and regression maps (contour) for principal components, normalized time series, and power spectrum for these first EOF modes, respectively. Contour intervals are shown in the upper-right corner in the left panels. Zero contours are omitted. Solid, dotted, and broken lines in right panels (c, f, i) correspond to a power spectrum of a fitted 1st order Markov process and its 95 and 5 % confidence limits, respectively. Solid line in (h) represents time series estimated by 1st order Markov process using the precipitation noise of (b)
US and leading modes of sea surface temperature (SST) anomalies, such as the Pacific Decadal Oscillation (PDO), the Atlantic Multidecadal Oscillation (AMO) (Seager et al. 2005 (Seager et al. , 2008 Meehl and Hu 2006; Sheffield and Wood 2008; Schubert et al. 2009; Famiglietti et al. 2011; Dai 2011; Hu et al. 2013) , and ENSO (Kanamitsu et al. 2003; Barlow et al. 2001; Kumar 2002, 2004; McCabe et al. 2008; Dai 2013) . To determine the relation (not the causality) between SST and simulated decadal hydroclimate variability in the CESM CTL run, we calculated the correlations and regressions of the SST and sea level pressure (SLP) anomaly fields with the leading principal Correlation coefficients are calculated using annual mean data for the first EOF mode of annual precipitation, 10-year running mean data for the low-frequency precipitation, and 10-year running mean data leading with 5-year for the total water storage. Contours represent annual climatology of zonal winds and zero contours are omitted components in Fig. 4 . The analysis shows that decadalscale precipitation variability over North America correlates with anomalous SSTs in the Kuroshio/Oyashio extension region (Fig. 6c) . These SST anomalies also correlate with the leading principal component of the total water storage ( Fig. 6e ) although its amplitude is much smaller than those associated with the decadal precipitation variability. This is because the decadal precipitation variability is directly coupled with SST and SLP anomalies as a part of atmosphere-ocean interactions, whereas total water storage changes indirectly relate to SST and SLP variability through the land hydrological processes. Previous studies
Fig. 6 Correlation (color) and regression maps (contour) of SST (left) and SLP (right) associated with the first EOF modes of annual precipitation (a, b), low-frequency precipitation (c, d), and total water storage (e, f), which are calculated using annual mean data for the first EOF mode of annual precipitation, 10-year running mean for precipitation, and 10-year running mean leading with 5-year for total water storage. Contour intervals are denoted in the upper-right corner in each panel. Zero contours are omitted (McCabe-Glynn et al. 2013 ) have also invoked statistical links between US droughts and warmer conditions in the Kuroshio/Oyashio extension region, however its dynamical connection is still unclear.
In the Atlantic, we find that enhanced rainfall in the northeastern US is also accompanied by a reduction of the trade winds and westerlies (Fig. 5) , reminiscent of a weakened North Atlantic Oscillation (NAO). The first EOF mode of low-frequency precipitation variability over North America is accompanied by a negative NAO mode in SLP (Fig. 6d) . As already shown by Bjerknes (1964) , NAOrelated heat fluxes cause a tripole-like SST pattern, similar to the one shown in Fig. 6c . These SST and SLP patterns around the North America also appear in the regression maps derived from the leading principal components of total water storage (Fig. 6e, f) . It remains uncertain what role Atlantic SST anomalies play in generating the lowfrequency Pacific wind response and the simulated North American precipitation anomalies in CTL. Recent studies document the effect of Atlantic SST variability on global climate anomalies, including rainfall changes over North America, via trans-basin adjustments of the global Walker Circulation (Chikamoto et al. 2012; McGregor et al. 2014) .
Determining whether SST anomalies are key drivers for multi-year jet activity, or whether they merely respond to random internal atmospheric variability is beyond the scope of this study. The relative roles of SST-driven and stochastically generated precipitation changes over North America are examined in more detail in companion studies Stevenson et al. 2014 ).
Higher EOF modes for precipitation and total water storage
The leading EOF mode reveals a clear relationship among precipitation, total water storage, and the downstream activity of the westerly jet. However, this relationship becomes less evident for the higher order EOF modes. In fact, when we apply the simplified conceptual model to the second principal component of annual mean precipitation (Fig. 7) , we find the weaker relationship compared to the leading mode (Table 1) ; correlation coefficients of 0.76 and 0.66 in the first and second EOF modes, respectively. As for the third EOF mode (not shown), the correlation coefficient becomes zero (Table 1) . The second EOF mode of total water storage explains about 10 % of the variance and is characterized by strongly pronounced multidecadal to centennial variability (Fig. 7h,  i) . In contrast, this pronounced low-frequency variability has disappeared from the second precipitation mode (Fig. 7b, c) . On interannual to decadal timescales, however, these second principal components of precipitation and total water storage significantly correlate with each other, attaining values of 0.42. Comparing the EOF patterns in Fig. 7 with Figs. 2 and 3, it becomes evident that the second mode of hydroclimate variability over North America is largely driven by an atmospheric circulation pattern (the Pacific North American pattern; not shown) that also gets excited during El Niño events. Indeed, the Niño 3.4 index has a statistically significant correlation of 0.33 with the second principal component of annual mean precipitation, which is considerably higher than that with the first EOF mode (Table 2) . Even though the second EOF modes of precipitation and water storage bear interesting dynamics, we will focus our further analysis on the meridional jet mode characterized by EOF1 (Fig. 4) , which explains about 5 % more variance than the second mode.
Potential predictability of land hydrology
The relationship between precipitation and total water storage variability shown above suggests that, in spite of the white noise characteristics of precipitation anomalies over North America, the total water storage has longterm predictability due to the natural low-pass filter effect of soil and aquifer. In the real climate forecast, however, the atmospheric random noise usually dismisses climate predictive skills. According to the statistical theory, we can reduce this atmospheric random noise by applying the ensemble approach to the prediction. To evaluate the upper limits of predictability for land-surface hydrology on interannual to decadal timescales, therefore, we conducted a suite of 10-member ensemble perfect model hindcast experiments with CESM for 39 different initial conditions, as described in Sect. 2. Focusing only on the first EOF mode of total water storage (Fig. 4g) , we define the Northern US and Southern US/Mexico index regions (see box outlines in Fig. 4 ). As expected from the meridional seesaw pattern in Fig. 4g , the total water storage variability of the pre-industrial control simulation (black in Fig. 8 ) exhibits out-of phase low-frequency variability between these two index regions. Consistent with this low-frequency variability, the 10 member hindcast ensemble tracks the simulated hydrological changes in the control run (thick red and blue lines for ensemble mean and pink and light blue shadings for ensemble range in Fig. 8a, c , and e). This behavior translates into a high degree of predictability, as measured here by the anomaly correlation calculated for all initial conditions between the ensemble mean hindcast of water storage for the respective index regions and the control run (Fig. 8b, d, and f) .
The tendency for water storage anomalies to relax back to climatological values (zero anomaly) on timescales of several years is illustrated here for an initial condition picked in model year 240 (Fig. 9) . At the initial time in 240, total water storage anomalies are negative in northern US but positive in southern US/Mexico region, thus featuring an enhanced meridional gradient (Fig. 8a, c, and e) . The ensemble mean prediction in the hindcast run initially captures the meridional gradient and drought conditions over central America simulated in the CTL run (Fig. 9a, b) .
For increasing lead times, this meridional gradient gradually decays in the hindcast run (Fig. 9d, f) , contrasting with the evolution in the CTL run. However, the ensemble mean in the hindcast run fails to capture further drying over California and increasing rainfall over Mexico in CTL run because of the unpredictable atmospheric component: a prominent positive SLP anomaly over the northern US (Fig. 9c, e) , which resembles the regression pattern in Fig. 6b . The behavior illustrated here for water storage is typical for a 1st order stochastic Markov process described by Eq. (3): predictions started from given initial conditions relax back toward climatology with a damping timescale of −1 . To further elucidate at what soil depth multi-year predictability emerges, we calculated, for different depth ranges, the anomaly correlation skill between the CTL run and the ensemble mean for the two geographic index regions. The results show that the predictive skill in the northern US increases rapidly for soil levels below 1 m (Fig. 8b) . For the southern US/Mexico, even precipitation and upper soil levels exhibit predictive skill of up to 2-3 years (Fig. 8d) . The skill of the difference of these indices also exhibits a similar depth dependence (Fig. 8f) . To compare our CESM results with the damped persistence of a simple 1st order Markov model, we conducted a 10,000 member Monte Carlo linear 1st order Markov model hindcast (Eq. 3), using a depth-dependent damping timescale estimated from the control simulation and initialized for the same initial conditions as the CESM hindcast experiments. The resulting anomaly correlation skill is depicted by the black circles in Fig. 8b, d , and f. We find a close agreement between the CESM-based hindcasts and the Markov model, indicating that the largest contribution to the predictive skill of soil water on interannual to decadal timescales in CESM can be attributed to the damped persistence, which is partly governed by the evapotranspiration (Delworth and Manabe 1988) , the total runoff, and the diffusion of soil moisture into the deeper soil levels as shown in the Eq. (2). As a result of these processes, the predictability for both the Markov model and CESM model hindcasts increases with depth attaining values of up to 5-8 years for the northern US and 10 years for the southern US/Mexico index regions.
(a) (b) (c) (d) (e) (f) (g) (h) (i)
The key result from our analysis is that although precipitation variability is statistically not predictable beyond 1-2 years in our model, soil moisture variations at deeper soil levels and total water storage (including aquifers) in the northern US and southern US/Mexico regions can be predicted up to a decade ahead. The longer persistence of soil water properties can be explained by the stochastic drought model concept captured by Eq. (3). Our results with a comprehensive coupled earth system model confirm earlier results from Delworth and Manabe (1988) that were based on a coupled land-atmosphere model forced by varying SST anomalies on interannual timescales. Our study has identified soil water predictability even beyond the interannual timescales, thus extending the potential predictive range of hydrological conditions over North America to almost a decade. In the next section, we will explore the impact of decadal soil water changes on fire frequencies and simulated vegetation changes over North America.
Decadal predictability of fire risk linked to hydroclimate
The CESM CTL and hindcast experiments are further used to determine the interactions between soil water, fire, and vegetation and potential long-term predictability emerging from these interactions. The carbon biogeochemical cycle in CLM4 calculates changes in vegetation and wildfire occurrences, both of which depend on hydrological conditions (Thonicke et al. 2001; Kloster et al. 2010 ). The fire parameterization in CLM4 assumes that the annual carbon fraction burned every year is a function of annual fire season length that is defined as the sum of probability of at least one fire in a day over the whole year (Thonicke et al. 2001 ). This assumption is valid in the relatively large grid box as provided by our low-resolution land model. Therefore, changes in fire frequency correspond to those in the fire season length in our model. As fire probability is parameterized in terms of soil moisture in the upper 5 cm and fuel-availability, dry soil conditions can enhance the fire frequency directly (Viegas et al. 1992 ). An enhanced fire season length reduces primary productivity and the terrestrial carbon stock in the grid cell, which in turn feeds back to the soil conditions via evapotranspiration and other processes (Bowman et al. 2009 ). Although droughts can cause hydrological conditions that favor wildfires, they can also suppress wildfire occurrences by reducing vegetation carbon stocks and hence the fuel-availability necessary for the ignition of wildfires (van der Werf et al. 2004; Lehmann et al. 2014 ). This complex interplay between soil hydrology, fire, and vegetation may have potential predictability on multi-year timescales and will be referred to as a fire cycle. To illustrate the interplay between variations in fire occurrences and low-frequency soil water variability, we show simulated standardized timeseries of total water storage, total vegetation carbon, and the computed fire season length (Fig. 10) for the Northern US and the Southern US/ Mexico regions defined in Fig. 4 . We find in both regions that all variables exhibit low-frequency variability on decadal to multidecadal timescales. In the Northern US, for instance, persistent dry soil conditions around model years 250, 520, and 700 are associated with increased fire season length and reduced terrestrial carbon stocks (Fig. 10a,  c) . Both the increased fire season length and the low soil moisture conditions contribute to the low vegetation carbon and reduce primary production. A long-lasting pluvial during years 350-500 in the Northern US decreases fire frequency and enhances total vegetation carbon (Fig. 10a,  c) . In this region, the fire season length is controlled by the soil moisture conditions rather than by the fire-fuel availability, as manifested by the negative correlation between fire frequency and vegetation (Fig. 11a) . The Southern US/Mexico region also shows a similar relationship, but weaker correlation coefficients among these three variables (Figs. 10, 11 ) and a reduced persistence in the system. An important difference arises between these regions in terms of soil water/vegetation coupling. Soil water The predictability horizon corresponds to the time interval when the anomaly correlation coefficient exceeds the 99 % significance level using 37 degrees of freedom (correlation coefficient is 0.37) variations in the Northern US are more tightly coupled with vegetation variability than in the Southern US/ Mexico index region. This leads to different dynamics of the regional fire cycles: In the Northern US, negative correlations of fire with water storage or vegetation for negative lags (fire leads) suggest that the enhanced fire frequency will reduce vegetation carbon and affect subsequent droughts lasting for several years. The absence of a statistically significant correlation for positive lags (vegetation and soil water lead) indicates that soil moisture and vegetation are not precursors for fire season length on decadal timescales. Even though correlations for the Southern US/Mexico area average are low, we observe a sign change in the correlation between vegetation and fire for positive (fire lags) versus negative lags (fire leads). For positive lags, the increasing vegetation builds up fuel and increases fire risk. For negative lags, the increased fire leads to reduction in the vegetation carbon. This will be further interpreted below for specific grid points.
To evaluate the decadal predictability of fire variability, we compute the predictive skill for 1, 2-5, and 6-9 years lead time using the ensemble hindcast experiments Figures 12 and 13 show the predictions (ensemble mean and the ensemble spread) for total water storage, vegetation carbon, and fire season length. In the Northern US, we find high predictive skill on lead times of up to 6-9 years for total water storage (see Figs. 8, 12a, d, and g ) and vegetation carbon (Fig. 12b , e, and h). In spite of the high skill for these variables, the anomaly correlation skill for the annual mean fire season length drops down quickly after one year lead time (Fig.  12c , f, and i). This is consistent with the low correlation values for positive leads in Fig. 11a . In the Southern US/ Mexico region, we find high predictive skills for lead times of 6-9 years for total water storage and vegetation carbon and also for the fire season length (Fig. 13) . Clearly, timeseries of fire frequency for model years 100-340 exhibits more low-frequency variability in the Southern US/Mexico (Fig. 13c) than the corresponding time in the Northern US (Fig. 12c) . This difference may explain the increased persistence of the system and the higher predictability in the Southern US/Mexico region. As demonstrated below, this low-frequency variability is largely governed by a few grid points that exhibit a fire/vegetation oscillation. To further study how potential predictability in fire season length would translate into estimates of fire risk, we calculate how ±1 standard deviation anomalies in total water storage, if predicted successfully, would affect the simulated probability distribution of fire season length in the Northern and Southern US/Mexico index regions (see boxes in Fig. 4g ). Drought conditions (dashed histogram in Fig. 14) cause a significant shift of the histogram of fire season length compared to climatological conditions (gray shading in Fig. 14) and the wetter situation (solid histogram in Fig. 14) . Whereas shifts in the mean fire season length amount to only about 10 days, the probability for extreme values increases markedly for dry conditions (Fig. 14c, d ). In Southern US/Mexico, we find that the probability to have extreme anomalies of fire season length of ∼30 days increases fourfold for dry conditions. For pluvials, the change to have fire seasons of 30 days less than the climatology increases sixfold. Although the linearbased predictive skill of fire frequency is limited to 1 year in the Northern US (right panels in Fig. 12 ), this method would still allow for probabilistic estimates of extreme fire Figure 15 shows a spatial distribution of the anomaly correlation coefficients (ACC) between control run and hindcast ensemble means for various lead time (1, 2-5, and 6-9 years). We find that total water storage is highly predictable over large areas of Southern California (San Diego and Los Angeles area). Weaker but still considerable predictive skill is found west of the Great Lakes and in Central America. As a result of the very slow decadal-scale growth timescales of vegetation, total vegetation carbon is a highly predictable variable with high anomaly correlation values exceeding 0.6 for most of North America even for lead times of 6-9 years. After a major disruption, such as massive fire, vegetation needs several decades to grow back to its equilibrium value, thus translating into very long damped persistence and high predictive skill.
On average the fire frequency loses predictive skill quickly over North America after about 1 year lead time. However, there are some interesting exceptions. Several grid points in Central America and Southern California exhibit excellent predictability event beyond the 6-9 year predictability horizon considered here. A more detailed view of the underlying dynamics is given in Fig. 16 . For instance, a grid point near Los Angeles with high predictive skill in Fig. 15 shows very regular oscillatory behavior in vegetation carbon and fire season length with a period of about 60 years (Fig. 16d ). This fire-vegetation cycle is based on the following dynamics: Increasing vegetation carbon leads to an increase in fire fuel. Reaching a fire threshold in this already dry areas, a rapid increase of fire frequency subsequently diminishes vegetation carbon. As a result of reduced supply of fuel, fire frequencies drop rapidly and the vegetation has time to regrow until the carbon storage reaches the threshold. This behavior, which leads to a typical relaxation oscillation, is well captured in the lag correlation between vegetation and fire (Fig. 17b) . Correlations involving soil water storage are insignificant, indicating that for this dry grid point, the limiting factor is carbon (fuel) rather than soil water.
The relaxation oscillation of these grid points can be contrasted with a different fire/vegetation/soil moisture regime found in a grid point in Montana ("S" mark in Fig. 15) . We see that for this location the fire activity is modulated by the soil water variability rather than by the vegetation carbon stock because the fire shows much more high frequency variability compared to the vegetation and strongly correlates with the total water storage rather than with the vegetation (Fig. 16a, c) . In addition, correlation coefficients between total water storage and total vegetation carbon are higher for positive lags than negative ones (Fig. 17a) , which is indicative of the effects of soil water on vegetation, but not vice versa. 
Discussion
We have studied the underlying dynamics and potential predictability of decadal-scale variations in soil water, vegetation, and fire frequency over North America using a preindustrial control simulation conducted with the low resolution version of CESM. Our study has been motivated by the finding of decadal-scale persistence of drought conditions over North America (Woodhouse and Overpeck 1998; Stahle et al. 2007; Dai 2011 ) and low-frequency characteristics of fire cycles (e.g., Swetnam and Betancourt 1998; Westerling et al. 2003; Brown et al. 2005; Farris et al. 2010) , as reconstructed from lake sediments and fire-scar. Based on the perfect model framework, our results provide estimates of the maximum potential predictability of soil hydrological variability. We demonstrated by comparing the CESM predictions with simple 1st order Markov models that most of the land surface predictability in the CESM experiments results from the integrative effect of soils and the slow adjustment processes of vegetation in response to climatic and fire-related disturbances. Thus, actual decadal forecasting of soil water, vegetation, and fire frequencies would require initialization of observed water content in soil and aquifer. It should be noted that our predictability estimates are based on the perfect model assumption and are hence very likely to be overestimates of the real predictability of the coupled climate-land-vegetation system. On the other hand, Fig. 1g ) from the pre-industrial control simulation. Solid and broken lines show histograms for total water storage below and above one standard deviation, respectively. Gray shading represents the normalized histogram calculated from the entire 900-year-long pre-industrial control simulation. Fire risk is evaluated from the histogram ratio of wet (solid) or dry (broken) conditions to the entire period (gray in top panels) the anthropogenic component and the aerosol forcing, which were neglected in our study, may induce additional predictable trends. Furthermore, SST variability (Seager et al. 2005 (Seager et al. , 2008 Meehl and Hu 2006; McCabe et al. 2008) , as well as external forcings (Dai 2011 (Dai , 2013 Coats et al. 2013) , may contribute to the low frequency variability and potential decadal-scale predictability of hydroclimate variability over North America. Other factors that will affect the forecast skill of a realistically initialized CESM include ensemble size, internal model biases, initialization method, and the low resolution adopted here. In particular, larger ensemble sizes may help improving the predictive skill of total water storage in the Southern US/Mexico region where the climate model hindcast slightly out-competes the predictive skill by the Markov model (Fig. 8d) . Irrespective of these shortcomings, our results have demonstrated that even a zero-dimensional 1st order linear Markov model driven by observed precipitation variability could generate skillful forecasts by initializing the observed soil water. For such empirical forecasts regionally Correlation coefficients of 0.21, 0.27, 0.37, and 0.48 correspond to the statistical significant levels at 90, 95, 99, and 99.9 % with 37 degrees of freedom with one-tail Student's t test depth-dependent damping rates (x, y, z) could be derived from the lag-1 autocorrelation of long term observational records of water storage and soil moisture. Although water storage and soil moisture are difficult to observe with sufficient spatial coverage, observational reconstructions of land hydrological variables and fire cycles (Maurer et al. 2002; van den Dool et al. 2003; Fan and van den Dool 2004; Littell et al. 2009; Wada et al. 2010 ) may still provide useful information to determine potential longer-term predictabilities. Recent advances in observing water storage and drought from satellite sensors (Anderson et al. 2011; Famiglietti et al. 2011) could further help to improve the initialization of statistical and numerical forecasts of soil moisture on interannual to decadal timescales. Unresolved issues that will be addressed in a series of forthcoming studies include the effects of ocean dynamics on the predictability of low-frequency atmosphere and land variability and the feedback of soil moisture variations on atmospheric temperatures and circulation (e.g., Rowntree and Bolton 1983; Atlas et al. 1993; Koster et al. 2000) .
Conclusions
We have evaluated the potential decadal predictability of variations in soil water, vegetation, and fire frequency over North America using the low resolution version of the earth system model CESM. Consistent with the previous studies, we find virtually no skill of annual mean precipitation beyond 1 or 2 years lead time. The dominant temporal variability of the leading EOF mode for annual precipitation can essentially be described as a white noise process. In contrast, the dominant mode of total water storage exhibits a large degree of redness, which translates into decadal predictability of depth integrated soil moisture, particularly for the deep soil layers. Our study revealed that the stochastic climate model concept of a 1st order linear Markov process (Hasselmann 1976; Delworth and Manabe 1988) can be successfully applied to understand first order decadal variability and predictability of hydroclimate variations across North America. Soils act as an integrator and natural low-pass filter of white noise precipitation variability. Associated with the long-term predictability of soil water and internal slow vegetation adjustment timescales, we also found evidence for decadal predictability of total vegetation carbon and fire season length in the CESM experiments.
Finally, we studied whether potential decadal predictability of soil water would provide a means to ascertain wildfire risks across North America. The result strongly depends on the prevailing local fire regime. In dry areas, there is an increased chance to find the so-called vegetation regime, whereas the soil water regime can be found in wetter regions. On average, we found higher predictability for the vegetation regime, in which the slow timescales of vegetation regrowth determine the fuel availability and hence the fire season length. Although our results are based on an idealized modeling framework that captures only naturally occurring climate variations, they clearly suggest that decadal climate predictions for soil hydrological conditions are feasible and may become beneficial for forestry, water management, and agriculture.
